Plants deploy numerous plasma membrane receptors to sense and rapidly react to environmental changes. Correct localization and adequate protein levels of the cell-surface receptors are critical for signaling activation and modulation of plant development and defense against pathogens. After ligand binding, receptors are internalized for degradation and signaling attenuation. However, one emerging notion is that the ligand-induced endocytosis of receptor complexes is important for the signaling duration, amplitude, and specificity. Recently, mutants of major endocytosis players, including clathrin and dynamin, have been shown to display defects in activation of a subset of signal transduction pathways, implying that signaling in plants might not be restricted to the plasma membrane only. Here, we summarize the up-to-date knowledge of receptor complex endocytosis and its effect on the signaling outcome in the context of plant development and immunity.
INTRODUCTION
As plants are sessile, they must constantly sense environmental changes to rapidly adapt in order to grow and survive. Cellular responses to environmental signals, in plants, rely mostly on a plasma membrane (PM)-localized pool of receptor-like kinases (RLKs) (Haruta and Sussman 2017) . A typical RLK contains three domains, the extracellular ligand-binding domain, a single transmembrane domain, and an intracellular serine/threonine kinase domain. Receptor-like proteins (RLPs) possess the same features, but lack the intracellular kinase domain (Shiu and Bleecker 2003) . Both RLKs and RLPs are able to perceive a wide range of extracellular proteinaceous, carbohydrate, or lipophilic signal molecules (Montesano et al. 2003; Haruta and Sussman 2017) and to trigger downstream signaling pathways, resulting in a specific outcome depending on the type and amount of the ligand (Couto and Zipfel 2016; Jaillais and Vert 2016) . The structural diversity of recognized ligands demonstrates that plants have evolved an enormous arsenal for their perception systems.
Genome sequencing has indeed revealed that RLKs are encoded by very large gene families in
Arabidopsis thaliana (600 members), rice (Oryza sativa), poplar (Populus sp.), soybean (Glycine max), and potato (Solanum tuberosum) (Lehti-Shiu et al. 2009; Kemmerling 2011) . The remarkable evolutionary conservation is known to occur across kingdoms, in both the structural features and mechanistic action modes of RLPs. The largest RLK subfamily in Arabidopsis, encoded by ∼235 genes, is characterized by an extracellular leucine-rich repeat (LRR) domain (Shiu et al. 2004; Lehti-Shiu et al. 2009 ). Drosophila melanogaster Toll and mammalian Toll-like receptors also share such an extracellular domain (Underhill and Ozinsky, 2002; McGuinness et al. 2003) . Interestingly, plants, insects, mice and humans implicate LRR RLKs to recognize epitopes derived from the same conserved microbial structures, such as bacterial flagellum, supporting the possibility of an evolutionarily ancient concept of a eukaryotic non-self-recognition system (Nürnberger et al. 2004) . In all these kingdoms, ligand binding often triggers dimerization and/or conformational changes within the receptor proteins and subsequently activates downstream signaling events, leading to a signal-specific cellular program (Bessman et al. 2014; Hohmann et al. 2017) .
Over the past decades, it has become evident that the subcellular localization and trafficking routes of these cell-surface receptors regulate their function and activity. In particular, receptor-mediated endocytosis (RME) is the main organizer of this cellular signaling. RME can be either constitutive, when membrane receptors are internalized independently of their ligands, or ligand-dependent, when the receptor internalization is triggered by its ligand (Beck et al. 2012; Ben Khaled et al. 2015) . The internalized receptor complexes are either recycled back to the cell surface or routed to the vacuole for degradation and signaling termination. Recent studies revealed that the molecular mechanisms behind RME are highly conserved in all eukaryotes, including plants, pointing out major roles for clathrin and post-translational modifications (PTMs) of PM receptors, such as ubiquitination and phosphorylation (Nimchuk et al. 2011; Ben Khaled et al. 2015; Martins et al. 2015; Mbengue et al. 2016; Ortiz-Morea et al. 2016; Erwig et al. 2017; Wang et al. 2017; Zhou et al. 2018 ).
In mammalian systems, a tight interconnection between RME and signaling has been evidenced with many studies supporting the notion that signaling is not restricted to the PM and endomembrane organelles, as endosomes, to which activated transmembrane receptors, with their tails exposed to cytoplasm, are routed and enriched may represent bona fide signaling platforms that influence the duration, amplitude, and specificity of the downstream signals. For instance, endosomes can influence signaling, either by sustaining signals originating from the PM, or by contributing to signaling through providing a platform for the de novo assembly of signaling complexes that are excluded from the PM (Sigismund et al. 2012; Bakker et al. 2017 ).
An example is the epidermal growth factor receptor (EGFR) that its endosomal-localization and is required for full activation of mitogen-activated protein kinases (MAPKs) (Vieira et al. 1996; Sorkin and Zastrow 2009; Sigismund et al. 2012) . Furthermore, there is a reciprocal regulation between endocytosis and signaling, where endocytosis can control signaling through the receptor availability, at the PM, and/or through the differential distribution of signaling effectors between the PM and the endosomal compartment (Sigismund et al. 2012) ; in contrast, signaling can regulate endocytosis through PTMs (Conte and Sigismund 2016; Bakker et al. 2017) .
Plant RLKs and RLPs are involved in development, such as CLAVATA1 (CLV1), CLV2, CORYNE (CRN) (Clark et al. 1995; Kayes and Clark 1998; Bleckmann et al. 2010) , BRASSINOSTEROID INSENSITIVE1 (BRI1) (Clouse et al. 1996) , and Feronia (FER) (EscobarRestrepo et al. 2007; Duan et al. 2010) , as well as in defense, such as FLAGELLIN SENSING2 (FLS2) (Monaghan and Zipfel 2012) . Although the cognate ligands of a number of receptors implicated in plant growth and development have been identified, namely the CLV3 peptide for CLV1 and CLV2/CRN (Clark et al. 1995; Kayes and Clark, 1998; Bleckmann et al. 2010 ) and brassinosteroids (BRs) for BRI1 (Clouse et al. 1996) , their study in developmental signaling is complicated because they are activated
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Artic le 5 (Wang et al. 2015; Bücherl et al. 2017; Liang et al. 2018) . Based on the increased receptor colocalization with the MDs markers and the reduced lateral mobility of ligand-bound receptors, MDs have been hypothesized to represent sites of perception complex formation and, hence, to function as signaling hubs (Burkart and Stahl 2017; Liang et al. 2018) . Such conclusions were made for the BRI1, FLS2 and LYK3 receptors that had an enhanced colocalization with different MD markers, in the presence of their own ligands (Wang et al. 2015; Bücherl et al. 2017; Liang et al. 2018 ) .
Downstream signaling components, with key roles in the signaling activation, are either recruited to the receptor complex, shortly after ligand binding, or they are present in preformed receptor complexes, independently from the ligand. Interestingly, BRI1 and FLS2 share signaling components, including the coreceptor BRI1-ASSOCIATED RECEPTOR KINASE (BAK1)/SERK3 (Li et al. 2002; Chinchilla et al. 2007) , as well as the membrane-associated kinases BOTRYTIS-INDUCED KINASE1 (BIK1) (Lu et al. 2010; Zhang et al. 2010; Lin et al. 2013 ) and BRASSINOSTEROID-SIGNALING KINASE1 (BSK1) (Tang et al. 2008; Shi et al. 2013) . Nevertheless, BRI1 and FLS2 trigger different cellular programs: BRI1 perceives BRs and induces plant growth, whereas FLS2 perceives flg22 to induce PTI and to inhibit plant growth (Belkhadir et al. 2014) . Conceivably, the use of common signaling components, even in antagonistic transduction pathways, is economically favorable for plants, but it may represent an issue for the signaling specificity.
Live-cell imaging revealed that not only FLS2 and BRI1 are localized in distinct PM MDs, but that this separation is also true for their shared signaling components; for example, the BRI1/BIK1 complex is microtubule-associated, whereas the FLS2/BIK1 complex is only detected in PM MDs (Bücherl et al. 2017 ). FLS2 and BRI1 also interact differently with their common coreceptor BAK1 (Bücherl et al. 2013; Somssich et al. 2015) . Whereas the BRI1/BAK1 complexes might be formed in the absence of the ligand, the FLS2/BAK1 heterodimerization occurs only upon ligand perception. Although the distribution and composition of BRI1/BAK1-containing MDs do not change upon ligand treatment, heterologous distribution of the MD fluorescence lifetime was detected by means of the selectivesurface observation with Förster (or fluorescence) resonance energy transfer and fluorescence lifetime imaging (SSO-FRET-FLIM) (Hutten et al. 2017) . This hinted at a different receptor stoichiometry within the MDs and supporting the notion that the BRI1 and BAK1 complexes are probably preassembled before reaching the PM (Bücherl et al. 2013; Wang et al. 2015; Hutten et al. 2017) . The difference in receptor stoichiometry within the cluster might reflect the various signaling outputs regulated by BAK1, a coreceptor shared among different signaling pathways.
Another example of preassembled receptors in the PM is the CLV1 complex. CLV1 is an important regulator of the stem cell maintenance in floral and shoot meristems. CLV1 perceives the CLV3 peptide to negatively control the homeodomain transcription factor WUSCHEL, which positively regulates the size of the floral and shoot meristems by maintaining the stem cell identity (Hazak and Hardtke 2016) .
To perceive CLV3 peptides, the CLV1 receptor forms a complex with its coreceptor, the RLP CLV2, and with the RLK CRN. In the absence of the ligand, the perception complex CLV1/CLV2/CRN is preassembled in the PM, in three different compositions: CLV1 homodimers, CLV2/CRN heterodimers, and the CLV1/CLV2/CRN multimers. Interestingly, only the multimer complexes localized in the MDs, whereas the CVL1 homodimers and CLV2/CRN heterodimers were distributed along the PM. Upon CLV3 addition, the receptor clustering increases into more numerous and larger MDs (Somssich et al. 2015) .
Receptors can also be clustered in others PM domains, such as in plasmodesmata (PD) (Stahl and Faulkner 2016) . The lipid composition of the PD PM is similar to that of the MDs, with enrichment of sphingolipids, sterols, and glycerolipids (Grison et al. 2015) . Treatment with chitin and flg22 trigger a significant decrease of the symplastic PD flux in Arabidopsis. In the case of chitin, this reduction is dependent on the PD PM-localized RLP LYSIN MOTIF DOMAIN-CONTAINING GLYCOSYLPHOSPHATIDYLINOSITOL-ANCHORED PROTEIN2 (LYM2), and interestingly, the receptor FLS2 was also shown to be localized in the PD PM (Faulkner et al. 2013 ).
The CLV1 and ARABIDOPSIS CRINKLY4 (ACR4) complexes were also enriched in the PD PM. This complex recognizes the peptide CLE40 that activates the CLV1 signaling. One hypothesis for the CLV1/ACR4 localization in the PD PM is that the activated complex could restrain the symplastic flux, through PD, from the quiescent center (QC) to the columella stem cells (CSCs), resulting in a decreased mobility of signals that maintain the undifferentiated status of the CSCs (Stahl et al. 2013) .
Taken together, all these observations revealed that plants achieve signal specifications, in the PM, through receptor compartmentalization and downstream signaling components, but how MDs correlate with the receptor internalization remains to be discovered.
RECEPTOR-MEDIATED ENDOCYTOSIS IN PLANTS
Endocytosis is a process by which cells internalize parts of their PM, including resident proteins, accomplished by invagination and subsequent scission to form an endocytic vesicle (Paez Valencia et al. 2016 ). At present, RME is documented for many plant RKs and RLKs, including for Arabidopsis, BRI1 (Russinova et al. 2004; Geldner et al. 2007 ;), BAK1 (Russinova et al. 2004 (Jones et al. 1994 ).
Besides BRI1, BAK1, SERK1, and CERK1 that undergo constitutive endocytosis (Russinova et al. 2004; Kwaaitaal et al. 2005; Geldner et al. 2007; Erwig et al. 2017) , most of the studied RLKs and RLPs are subjected to ligand-induced endocytosis. Visualization of the RME in plant cells largely relies on the use of fluorescently-tagged receptors and, more recently, fluorescently-labeled ligands, the latter being especially valuable for the discrimination between internalized and secreted receptors. For instance, by means of the bioactive fluorescent BR analog, Alexa Fluor 647-castesterone (AFCS), endocytosis and subcellular trafficking of the BRI1-BR complexes were observed in living cells (Irani et al. 2012 ). More recently, in vivo endocytosis of FLS2 and PEPR1, which perceives the bacterial peptide flg22 and the endogenous peptide Pep1, respectively, in Arabidopsis, was visualized with ligands conjugated to the fluorescent tag TAMRA (Mbengue et al. 2016; Ortiz-Morea et al. 2016) . The endocytosis of the CLV1 receptor depends on the CLV3 peptide, because CLV1 accumulates in the PM in the clv3-2 mutant and application of the CLV3 peptide induces the CLV1 internalization and its targeting to the vacuole (Nimchuk et al. 2011) . Similarly, the RLP SlEix2 was shown to undergo endocytosis, in the presence of the EIX (Sharfman et al. 2011) , whereas the RLPs Cf-4 and Cf-9 were internalized after perception of Avr4 and Avr9 (Postma et al. 2016) .
Recent progress in the field of endocytosis has revealed that most, if not all, studied plant receptors are internalized, via clathrin-mediated endocytosis (CME) ( 2010; Chappie and Dyda 2013). In plants, the role of dynamins in the receptor endocytosis was investigated for FLS2 and a dynamin mutant had a decreased FLS2-GFP endocytosis (Smith et al. 2014a; Chaparro-Garcia et al. 2015) .
Besides CME, clathrin-independent endocytosis (CIE) has also been proposed to be an internalization route for plant receptors (Figure 1) (Li et al. 2012; Baral et al. 2015; Wang et al. 2015) .
In animals, different CIE pathways have been characterized, such as the caveolin-dependent route that regulates caveola-dependent endocytosis and the PM FLOT-associated route that controls the MDdependent endocytosis ( Otto and Nichols 2011; Chaudhary et al. 2014; Mayor et al. 2014) . Although no caveolin homologs have been identified in Arabidopsis, FLOTs have been implicated in CIE (Li et al. 2012 ) and the MD-dependent endocytosis has been proposed as a mechanism for BRI1 internalization (Figure 1) (Wang et al. 2015) .
Indeed, BRI1 endocytosis can, at a certain level, be regulated by CIE (Wang et al. 2015) , because the colocalization of BRI1 and FLOT is enhanced upon BR treatment and both MD component depletion, as steroids and sphingolipids, and FLOT knockdown reduce BRI1 endocytosis. CIE is probably an internalization route of other plant receptors, because, for instance, the endocytosis of the tomato SlEix2 receptor depends on sterol (Sharfman et al. 2011) . Although the receptor endocytosis in plants is already a well-established mechanism, knowledge on the different types of endocytosis, especially CIE, and their machineries, is still poorly understood. Moreover, information is lacking on how RLKs and RLPs are recruited by the CME and CIE processes.
RECEPTOR RECYCLING
The removal of cell surface receptors, by endocytosis, is balanced by the recycling pathway that returns many of the endocytosed proteins and lipids back to the PM. In mammals, receptors are recycled by specific endomembrane compartments, named recycling endosomes (Goldenring 2015), whereas in plants, the presence of such specialized compartments is still not well defined (Geldner et al. 2003; Naramoto et al. 2014) . The Brefeldin A (BFA)-sensitive ADP-ribosylation factor (ARF) guanine nucleotide exchange factors (GEF) GNOM has been assumed to mark recycling endosomes in Currently, recycling in plants is considered as a process that replenishes the PM with receptors. The future challenge will be to define the recycling machinery and to understand whether recycling is also involved in the redistribution of receptor complexes, to specific PM regions, where polarized signaling needs to occur or where the availability of the ligands is high.
REGULATION OF RECEPTOR ENDOCYTOSIS AND LATE ENDOSOMAL TRAFFICKING BY POSTTRANSLATIONAL MODIFICATIONS
Regulation of receptor endocytosis through PTMs, including phosphorylation, ubiquitination, and lysine acetylation of the respective RKs, is well documented in mammalian systems (Bakker et al. 2017) .
Although the contribution of PTMs in the regulation of plant RME is poorly defined, evidence exists that similar regulatory mechanisms may also occur in plants. For instance, phosphorylation of FLS2 is required for its endocytosis, because a point mutation on the T867 residue, a potential phosphorylation site in the juxta membrane domain, decreases the receptor endocytosis, whereas the kinase-inactive version of FLS2 does not internalize (Robatzek et al. 2006; Mbengue et al. 2016 ). More recently, the CERK1-dependent phosphorylation of the Arabidopsis LYK5 RLK has been shown to be required for its endocytosis upon chitin perception (Erwig et al. 2017) . (Isono and Kalinowska 2017) . Both FLS2 and BRI1 colocalize with the late endosomal markers (Irani et al. 2012; Mbengue et al. 2016) . A detailed investigation of the MVB/LE sorting of FLS2 showed that FLS2 colocalizes and interacts with one subunit of the ESCRT-I complex, the VACUOLAR PROTEIN SORTING37-1 (VPS37-1). In mutants in this subunit, the localization of FLS2-GFP was defective at the MVBs/LEs, leading to a lumen localization loss. Therefore, the VPS37-1 subunit is essential for the FLS2-GFP MVB/LE sorting (Spallek et al. 2013) . Besides BRI1 and FLS2, other receptors are routed into the MVBs/LEs and vacuoles after ligand binding, such as PEPR1, LYK5, EFR, and CLV1 (Nimchuk et al. 2011; Mbengue et al. 2016; Ortiz-Morea et al. 2016; Erwig et al. 2017 ), but whether their sorting in LEs depends on ubiquitination is still unknown.
Although recent studies on PTMs confirmed that phosphorylation and ubiquitination regulate receptor endocytosis in plants, the molecular mechanisms remain unknown. Phosphorylation of PM receptors is also a key PTM required for signal transduction and, interestingly, is also seemingly needed for endocytosis, as in the case of FLS2 and LYK5 (Mbengue et al. 2016; Erwig et al. 2017 ). The effect of other PTMs, such as acetylation, on RME in plants needs be investigated.
ENDOCYTOSIS AND SIGNALING
Most often, endocytosis is considered as a mechanism for receptor removal from the PM, leading to an insensitivity of the cells to certain stimuli, thereby, avoiding continuous signaling that is potentially harmful (Sigismund et al. 2012; Jaillais and Vert 2016) . Plant cells sensitive to flg22 have been shown to respond to a second treatment with this immunity elicitor only 2 hours after the first application. Cellular flg22 insensitivity and sensitivity have been correlated to the presence/accumulation of FLS2 in the PM, demonstrating that the de novo receptor synthesis and secretion to the PM are essential to reestablish the cell competence to perceive flg22 (Smith et al. 2014b ). Nevertheless, in recent years, knowledge acquired in the mammalian field indicates that endosomes can also act as signaling platforms (Miaczynska 2013; Bakker et al. 2017 ).
Endosomal signaling in plants was proposed first for BRI1, because the BFA-dependent accumulation of BRI1-containg endosomes in the cytosol leads to an enhanced BR signaling output, such as, for example, an increased BES1 dephosphorylation (Geldner et al. 2007 ). However, a reevaluation of the effect of BFA on the BRI1 endocytosis and BR signaling revealed that the BFA treatment blocks endocytosis with accumulation of BRI1 in the PM as a consequence (Irani et al. 2012 ).
Analysis of the conditions under which the BRI1 endocytosis is blocked in the PM, both pharmacologically or genetically, uncovered that the BR signaling output is enhanced, indicating that most signals originate from the PM and that endocytosis removes the active receptor from the PM to, consequently, attenuate the BR signaling (Figure 2) (Irani et al. 2012; Martins et al. 2017; Zhou et al. 2018 ).
The relationship between endocytosis and signaling has also been investigated for immune receptors. Perturbation of the endocytosis and trafficking of FLS2 and PEPR1 had a direct effect on the downstream signaling of both receptors. A decrease in the FLS2 endocytosis has an effect only on the activation of a subset of the flg22-triggered signaling after analysis of the chc2 and drp2b mutants (Mbengue et al. 2016; Smith et al. 2014a ). In the chc2 mutant, only FLS2-mediated stomatal closure and callose deposition were impaired, whereas the reactive oxygen species (ROS) production and MAPK activation were not disturbed (Mbengue et al. 2016 ). In the drp2b mutant, the MAPK activation was not affected, but the ROS production and callose deposition were up-regulated. Interestingly, the induction of the defense gene PR1 was reduced (Smith et al. 2014a) . Similarly, in the ESCRT-I complex mutants (vps37-1 and vps28-2), the disrupted FLS2-GFP MVB/LE sorting compromised specifically the stomatal closure, without perturbing other FLS2-mediated outputs, including MAPK activation and ROS production (Spallek et al. 2013 ).
These observations corroborate the notion that endocytosis regulates a subset of FLS2-mediated immune responses, probably implying that the flg22-mediated early signaling derives from the PM and late responses, as gene induction and stomatal closure could be regulated by signaling events occurring in the endosomes (Figure 2 ). In agreement with the importance of the endomembrane trafficking for a robust immunity signaling, the chc2, drp2b, ap2m, and vps37-1 mutants display an enhance susceptibility to pathogens, such as Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) (Spallek et al. 2013; Smith et al. 2014a; Hatsugai et al. 2016; Mbengue et al. 2016 ).
Analogous results were obtained for the PEPR1-mediated responses by means of the inducible line producing the clathrin-interacting AX2 protein that blocks the clathrin function in Arabidopsis. When AX2 was overexpressed, the Pep1-mediated MAPK activation was severely decreased, thus correlating the clathrin function and signaling (Ortiz-Morea et al. 2016) . Moreover, signaling from endosomes has been proposed for the tomato immune receptor SlEix2. In contrast to FLS2 in which disturbance of the receptor endocytosis upon flg22 perception deregulates some immune responses, obstruction of SlEix2 endocytosis leads to a complete arrest of the EIX-induced signaling, indicating that SlEix2 is not capable of triggering immune responses from the PM and needs to be endocytosed to initiate immune signaling (Sharfman et al. 2011) . Thus, although the function of endocytosis as an attenuation mechanism for the PM signaling, by removal of active receptors from the cell surface, is currently well established for both mammals and plants (Figure 2 ), the existence of endosomal signaling in plants has just recently been brought to light and further investigation is required for stronger support.
CONCLUSIONS/FUTURE PERSPECTIVES
Plant receptors are localized in the PM, where their abundance in an inactive state is regulated through secretion and recycling. Ligand binding to the PM receptors leads to RME and, ultimately, vacuolar degradation. Recently published reports on the RK subcellular trafficking have shed light on this important process and indicated that it is conserved across receptor families in different plant species.
Noteworthy, plant receptors may achieve signaling specificity through utilizing specific PM MDs that might also coordinate RME, as suggested for BRI1 (Wang et al. 2015) . However, it remains to be determined whether and how this compartmentalization affects the cross-talk between defense and development signaling pathways. Indeed, BRI1 signaling interferes with defense (Albrecht et al. 2011; Belkhadir et al. 2012; Lozano-Duran et al. 2013 ) and CLV2 signaling is manipulated by nematodes during plant parasitism (Chen et al. 2014) . The composition of MD signaling clusters varies in time, implying that different important signaling proteins might be recruited/activated and then endocytosed from the perception complex with a different timing. These cargos are probably transported via different routes inside the cell.
Results obtained with different CME mutants that affect the internalization of FLS2 clearly indicate that receptor endocytosis is required to activate at least a subset of responses to flg22, including gene induction (Smith et al. 2014a; Mbengue et al. 2016) . Receptor-dependent endosomal signaling has first been suggested for the mammalian EGFR, in which the downstream signaling components, including MAPKs, were localized to the EEs (Vieira et al. 1996) . Numerous studies have demonstrated that interference with receptor endocytosis can either promote or reduce the EGF responses and have concluded that the RME contributes to the signaling (Miaczynska et al. 2004; Purvanov et al. 2010; Brankatschk et al. 2012; Sousa et al. 2012 ).
Whether plant-activated receptors are internalized to positively and/or negatively regulate responses is not fully understood, and the supporting data for receptor endosomal signaling in plants are contradictory (Geldner et al. 2007; Irani et al. 2012; Smith et al. 2014a) . Interestingly, BAK1 and other SERK family members have been shown to be important for both signaling activation and ligandinduced endocytosis of the PRRs (Mbengue et al. 2016) . Recently, BAK1, first discovered in BRI1-dependent pathways, has been shown to be part of several RLK and RLP perception complexes, including those depending on FLS2, PEPR1, SlEix2, Cf-4, and others (Li et al. 2002; Bar et al. 2010; Mbengue et al. 2016; Postma et al. 2016; Yasuda et al. 2017) . Although the contribution of BAK1 and others SERK family members to the activation of different transduction pathways is well established, the subcellular trafficking of BAK1 and its impact on the receptor endocytosis is not elucidated.
Investigation of the BAK1 subcellular trafficking, in the BR signaling context, led to the conclusion that BAK1 is localized in the PM and undergoes constitutive endocytosis (Russinova et al. 2004 ).
Moreover, BAK1 heterodimerizes with BRI1 and the BAK1/BRI1 complex can be detected both in the PM and endosomes (Russinova et al. 2004; Bücherl et al. 2013) . In vivo laser scanning microscopy Acce pt e d
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Thus far, the obtained data clearly show that BAK1 is one of the first proteins to interact with the ligand-bound activated receptors and that it is involved in all the consecutive steps that RK undergoes in the PM, including PTMs (i.e. phosphorylation and ubiquitination), recruitment, activation of other downstream proteins, and endocytosis (Ma et al. 2016) . It would be interesting to know, in living cells, how the subcellular trafficking of a fully functional fluorescently-tagged version of BAK1 is linked to its different roles in signal transduction. The possible dual function in signaling and endocytosis of these coreceptors remains to be clarified.
Another particular exciting aspect to be investigated is the molecular mechanisms and the regulators that mediate the receptor internalization, as well as whether, how, and when these regulators are recruited to specifically activated perception complexes. Moreover, different subcellular compartments, including chloroplasts, nucleus, mitochondria, and vacuoles, are involved in carrying out the cellular programs activated by the PM-localized event of the ligand-receptor binding. Therefore, it would be very interesting to elucidate how the signal is transmitted from the PM to different compartments and how it correlates with the receptor trafficking.
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Figure 1. Trafficking routes of BRI1
Black arrows indicate the endocytic pathways through clathrin-mediated endocytosis (CME) and clathrin-independent endocytosis (CIE). Numbers give the endocytic steps: 1, CME; 2, CIE; 3, TGN/EE maturation into MVB/LEs; 4, MVB/LE and vacuole fusion; 5, recycling; 6, secretion. Abbreviations, BAK1, BRI1 ASSOCIATED KINASE1; BRI1, BRASSINOSTEROID INSENSITIVE1; ER, endoplasmic reticulum; MVB, multivesicular body; PM, plasma membrane; TGN/EE, trans-Golgi network/early endosome. Involvement of the BRI1 ubiquitination in the endocytosis through the CIE remains to be characterized. 
